Palmitoleic acid (PM, 16:1n-7) has anti-inflammatory properties that could be linked to higher expression of PPARα, an inhibitor of NFκB. Macrophages play a major role in the pathogenesis of chronic inflammation, however, the effects of PM on macrophages are underexplored. Thus, we aimed to investigate the effects of PM in activated macrophages as well the role of PPARα. Primary macrophages were isolated from C57BL/6 wild type (WT) and PPARα knockout (KO) mice, cultured under standard conditions and exposed to lipopolysaccharides LPS (2.5 μg/ml) and PM 600 μmol/L conjugated with albumin for 24 hours. The stimulation with LPS increased the production of interleukin (IL)-6 and IL-1β while PM decreased the production of IL-6 in WT macrophages.
| INTRODUCTION
Inflammation is a common feature of many chronic diseases. It has been described as a hallmark of obesity, insulin resistance, atherosclerosis and cancer.
1 It is well known that saturated fatty acids, which are prevalent in the western diet and found in abundance in industrialized food, promote toxic effects and increase the inflammatory response in several tissues and cell types. [2] [3] [4] In fact, palmitic acid is described as an activator of the inflammasome pathway, increasing the expression of interleukin (IL) 1β via toll like receptor-4 (TLR4) activation.
2,4
The inflammasome is a large multi-protein complex activated by both exogenous and endogenous danger signals cleaving caspase-1 and, therefore, promoting the maturation of pro-inflammatory cytokines such IL-1β, IL-18 and IL-33.
5
Besides the modulation of the inflammasome complex, the successful resolution of inflammatory processes requires the inhibition of pro-inflammatory signalling by M2 macrophages, which have high capacity to counteract the functions of classical pro-inflammatory M1
macrophages. The omega-3 polyunsaturated fatty acids seem to promote this phenotypic switch in macrophages by inhibiting both NF-kB and inflammasome activation. 1 Similarly, palmitoleic acid (PM), an omega-7 monounsaturated fatty acid (16:1n-7) described as a lipokine that improves whole-body insulin sensitivity, 6 has been shown to decrease the levels of several pro-inflammatory cytokines (interleukin (IL)-1β, tumour necrosis factor (TNF)-α and IL-6), [6] [7] [8] as well as the expression of TLR4 8 in liver of obese mice.
Besides this anti-inflammatory effect in the liver, PM also reversed the pro-inflammatory gene expression and cytokine secretion in cultured macrophages, 9 as well as those extracted from bone marrow of mice fed a high fat diet. 10 Despite description of those beneficial properties, the direct effects of PM on M1 macrophages are underexplored and the mechanisms involved are not fully understood. Some authors have described the metabolic effects of PM as mediated by activation of peroxisome proliferator-activated receptor-α (PPARα), 11 a transcription factor that besides its pro-oxidative properties also modulates inflammation by blocking NFκB.
12
Thus, we aimed to investigate the effects of PM in activated macrophages and the role of PPARα. Here we showed that palmitoleic acid decreased the M1/M2 ratio and reduced the production of proinflammatory cytokines by lowering the expression of NFκB and genes from the inflammasome complex. Those anti-inflammatory effects of palmitoleic acid are not dependent on PPARα or PPARγ and should be further explored.
| RESULTS
Preliminary experiments established that 600 μmol/L was the higher concentration of PM that could be used without a toxic effect ( Figure   S1 ). Lower concentrations of PM also had some anti-inflammatory effects ( Figure S2 ). The production of IL-1β in WT macrophages stimulated with LPS was decreased by 200 μmol/L PM (P<.001) ( Figure S2C ).
Lipopolysaccharides (LPS) increased expression of PPARα
In KO macrophages stimulated with LPS, the production of TNF-α was decreased (P<.001) by PM at 400 μmol/L ( Figure S2B ), while the production of IL1β was decreased at both 200 and 400 μmol/L PM (P<.001, P<.01) ( Figure S2C ).
Besides its well known pro-inflammatory effects, LPS stimulation increased the production of IL-10 in macrophages of both genotypes (P<.001 in WT and P<.05 in KO) ( Figure S3) , while Since PM at 600 μmol/L had significant effects on the production of pro-inflamatory cytokines induced by LPS in macrophages of both 
| DISCUSSION
Since its first description as a lipokine, PM has been reported to improve insulin sensitivity 6 and protect from atherosclerosis and cardiovascular disease. 13 Here, we identify another beneficial effect of PM, which decreased inflammatory responses of in macrophages.
This occurred on macrophages isolated both from WT and PPARα Beneficial effects of PM were previously observed in cultures of J774 macrophages, where it counteracted the M1 polarization induced by palmitate, increasing the insulin response in C2C12 myoblasts. 9 Similar effects were observed in endothelial cells, where PM partly prevented the pro-apoptotic effects of palmitic acid, reducing endothelial dysfunction. 14 Although the mechanisms by which PM mediated these effects are unknown, in cultured 3T3L1 adipocytes, PM increased lipolysis and the expression of lipases via activation of PPARα.
11
PPARα, a transcription factor that is constitutively expressed in all tissues, is anti-inflammatory in exerting this effect by binding to the response element of NFκB, blocking the transcription of inflammatory genes. 15 In the current study, PM lowered the production of proinflammatory cytokines, and reduced the expression of genes from the inflammasome complex and NFκB, even in PPARα KO mice, what indicate the activation of PPARα expression is not the only mechanism responsible for the anti-inflammatory effect of PM (Figure 7 ).
In accordance with the results for macrophages seen in the current study, previous work by our group showed that PM decreased liver inflammation in obese mice independently of PPARα. 8 In the liver, PM decreased TLR4 gene expression in both WT and PPARα KO mice and reduced the protein expression of TLR4 and NFκB (p65) in PPARα KO mice. 8 Likewise, in the present study, PM inhibited production of several pro-inflammatory cytokines, as well as down regulation of TLR4, MyD88, caspase-1 and HIF1α in macrophages from both WT and PPARα KO mice, probably due to downregulation of NFκB.
Omega-3 polyunsaturated fatty acids which have well known anti-inflammatory effects, had effects similar to PM, reducing the expression of genes from the inflammasome pathway by inhibiting the activation of NFκB in bone marrow derived macrophages (BMDM). phenotypic balance is described as a mechanism for pathogenesis of chronic inflammatory diseases. 20 It is important to mention, that besides the classical M1/M2 genes here analyzed, we also observed that PM modulated genes related to metabolic pathways that are nowadays considers characteristics of M1 (glycolytic metabolism) or M2 (oxidative metabolism) phenotypes. 21 In fact PM downregulated HIF-1α, gene related to glycolysis (M1), while upregulated ACOX-1 in KO macrophages, gene of the oxidative metabolism (M2).
21,22
Those effects on the polarization of macrophages can be also related to PPARγ, which acts in an anti-inflammatory manner regulating the macrophages differentiation to M2 phenotype. 23 In fact, PPARγ, an isoform of PPARs highly expressed in macrophages, has an important role in macrophage differentiation. 24 It was observed previously that the activation of PPARγ in cultured macrophages, by thiazolidinediones or 15-deoxy-prostaglandin J 2 , resulted in reduced production of several pro-inflammatory cytokines 25 and down regulation of proinflammatory gene expression by inhibition of transcription factors, AP-1, STAT and NFκB. 26 The current study showed that PM stimulated the expression of PPARγ, in macrophages from WT and PPARα KO mice. On the other hand, the opposite effect was observed for PPARβ, F I G U R E 7 Although palmitoleic acid induced the activation of both, PPARα and PPARγ its anti-inflammatory effects are not strictly dependent of those PPARs, but are related to modulation of genes from the inflammasome complex. PPARα and PPARγ, upregulated by palmitoleic acid in our study, may act in an anti-inflammatory manner regulating the macrophages differentiation to M2 phenotype and interfering with the NFκB activation. When activated by LPS stimulus, toll-like receptor-4 (TLR4) triggers a cascade that can be dependent of the adaptors protein MyD88 (myeloid differentiation primary response gene 88) and leads to phosphorylation of the IKK complex (inhibitor of kappa light polypeptide gene enhancer in B-cells kinase), allowing the NF-KB translocation to the nucleus, where it induces the expression of tumor necrosis factor α (TNFα) and pro-IL1β (interleukin 1β), which can be cleaved and activated to IL1β by caspase-1. TLR4 activation, can also induce a non-canonical activation of IL1β, which enhances hipoxia induced factor-1 alpha (HIF1α), switch the metabolism to aerobic glycolysis and promotes the transcription of pro-IL1β
another PPAR that is expressed in several tissues and was reduced by PM in macrophages from mice of both genotypes.
These observations indicate that the modulation of PPARγ expression by PM might have an important anti-inflammatory effect in PPARα KO mice. In fact, the expression of ACOX-1 was increased in macrophages from PPARα KO mice by PM, although this oxidative enzyme expression is well known as directly activated by PPARα. Besides PPARs, several studies have linked the metabolic effects of palmitoleic acid with AMPK, an energy status sensor increased by palmitoleic acid in liver, adipose tissue and skeletal muscle, which seems to induce anti-inflammatory effects. [30] [31] [32] In vitro experiments demonstrated that LPS promoted downregulation of AMPK expression in leukocytes. 33 AMPK inhibits the inflammatory response induced by LPS in neutrophils, 34 and in macrophages the activation of AMPK seems to promote polarization to an anti-inflammatory M2 phenotype.
AMPK downstream targets, such as SIRT-1 and FOXO, are described to inhibit the NFκB signalling. 35 Our group previously observed palmitoleic acid supplementation was able to reduce liver inflammation 8 while increased the AMPK phosphorylation, 31 in accordance, it has been described that PM phosphorylates and activates AMPK in adipose tissue 30 and in BMDM, 10 but in the current study, the expression of AMPK was increased in macrophages from PPARα 
| METHODS

| Animals
All experimental protocols were approved by the Animal Care 004781) and were selected by genotyping using primers and protocols indicated by the manufacturer.
| Isolation and culture of intraperitoneal macrophages
Mice were fasted for 6 hours, anaesthetized by isoflurane inhalation and killed before macrophage isolation. Macrophages were isolated from the intraperitoneal cavity of the mice with RPMI medium. The cells were counted in a haemocytometer using trypan blue (0.4%) ex- (RPMI) supplement with fetal bovine serum (10%), and antibiotics solutions (1%) in standard conditions (37°C in humidified 95% air / 5% CO 2 ). For the experiments, macrophages were exposed to phosphate buffered saline (PBS; control), LPS (2.5 μg/mL, Escherichia coli O111:B4) with or without PM (600 μmol/L) conjugated to bovine serum albumin (BSA). Inhibitors of PPARγ (GW9662) and AMPK (compound C) (Sigma Aldrich, Saint Louis, MO, USA) were also utilized. After 24 hours, medium and macrophages were collected for further analysis.
| Enzyme-linked immunosorbent assay (ELISA)
The concentrations of IL-1β, TNF-α, IL-6, MCP-1 IL-1Ra and IL-10 in cell culture supernatants were measured by ELISA (DuoSet ELISA, R&D Systems, Minneapolis, MN, USA) performed according to the manufacturer's instructions.
| RNA isolation, reverse transcription, and real-time PCR
The expression of genes related to metabolic and inflammatory pathways was assessed by qRT-PCR with SYBR Green marker. For this, total RNA was extracted from the cells as described by Chomczynski and Sacchi (1987), 36 quantified in a spectrophotometer (260 nm), and cDNA was synthesized from the total RNA using reverse transcriptase.
The sequences of the primers are shown in Table 1 ; gene expression was quantified by the comparative method using the expression of GAPDH as the standard. 
| Statistical analysis
Normal distribution and variance homogeneity were tested and the appropriate statistical test (one-way ANOVA or two-way ANOVA)
was employed followed by post-hoc testing. Data are mean±SEM (standard error) and analyses were performed using GraphPad Prism 5.0. Differences were considered significant when P<.05.
